1. Introduction {#sec1}
===============

Iron chalcogenides have been widely investigated for diverse range of applications for example, hydrogen evolution, light energy conversion devices, batteries, extremely hot superconductors, high capacitance capacitors and storage devices \[[@bib1], [@bib2], [@bib3], [@bib4], [@bib5], [@bib6], [@bib7]\]. In terms of usefulness, iron chalcogenides have been mostly studied as photovoltaics or supercapacitors, together with their magnetic properties. In a photovoltaic device, iron chalcogenides can behave as a photo-absorber layer \[[@bib8]\]. The controllable properties of iron chalcogenides has resulted in their diverse applications. Some of these properties are: optics, electric, conductivity and magnetism \[[@bib9], [@bib10], [@bib11], [@bib12], [@bib13]\]. The limited band-gap and large absorption coefficient make iron selenide a more important chalcogenide, with potential application in solar cells \[[@bib12], [@bib13], [@bib14], [@bib15], [@bib16]\]. Other factors responsible for the high importance of iron selenide include magnetism, light-absorption and semiconducting features \[[@bib17], [@bib18], [@bib19]\]. Iron selenide exists in three different types: tetragonal FeSe, NiAs-type phase (containing hexagonal Fe~7~Se~8~ and monoclinic Fe~3~Se~4~) and orthorhombic marcasite FeSe~2~ \[[@bib8],[@bib17],[@bib19]\].

Iron selenide thin films have been prepared through chemical vapour deposition (CVD) \[[@bib19], [@bib20], [@bib21]\], electrolytic bath deposition \[[@bib22]\] and pulsed laser deposition \[[@bib23]\]. Clean FeSe films were produced from the reaction between iron pentacarbonyl and hydrogen selenide, but these precursors were extremely hazardous \[[@bib19]\]. Akhtar *et al* \[[@bib10]\] deposited FeSe thin films from iron (III) selenoureato precursor at 625 °C. A solution of iron selenourea complex in toluene using aerosol-assisted CVD (AACVD) produced complicated mixture of different phases \[[@bib20]\].

The complex iron(II) bis(tetraisopropyldiselenoimidodiphosphinate) \[Fe{(SeP*^i^*Pr~2~)~2~N}~2~\] served as a combined source of Fe and Se in a chemical vapour deposition supported by a catalyst and deposited FeSe and Fe~3~Se~4~ \[[@bib21]\]. Mostly, the hot-injection technique has been used widely to prepare nanoparticles of iron selenide \[[@bib8]\]. The complex (\[Fe{(SePR~2~)~2~N}~2~\], R = ^*i*^Pr or Ph) was decomposed in oleylamine and produced plate-like FeSe~2~ crystallites \[[@bib12]\]. Through a mixed precursor system, the reaction between iron (III) acetylacetonate and selenium in oleylamine generated nanocacti. However, this morphology was changed by the addition of oleic acid \[[@bib24]\]. Nanoflakes of iron selenide were produced in a reaction in a reaction involving OAmine, OAcid, TOPSe and FeCl~2~ \[[@bib25]\]. The reaction between FeCl~3~ and imido(tetradiphenyldiselenodiphosphinate) \[(SePPh~2~)~2~N\] involved reduction, which produced bis(tetraphenyldiselenoimidodiphosphinato) iron (II) complex \[[@bib12]\] rather than the tris compound. It is noteworthy to mention that the report on \[Fe{(SePPh~2~)~2~N}~2~\] did not give any XRD analysis on the deposited FeSe~2~. Also, there were no magnetic measurements reported on the material. However, in this present work, no reduction occurred between FeCl~3~ and imido(tetradiphenylthioselenodiphosphanate) ligand \[Ph~2~P(S)HNP(Se)Ph~2~\], thereby producing the expected tris compound. As far as we know, it is not yet documented that a mixed dichalcogenoimidodiphosphinate complex of iron serves as a combined source of the targeted elements to synthesise iron diselenide.

Iron diselenide, FeSe~2~ is a ferroselite material with an orthorhombic geometry, which is an important semiconductor with an appropriate band gap (E~g~ = 1.0 eV) \[[@bib15]\] and coefficient of absorption (5 x 10^5^ cm^−1^) \[[@bib26]\], making it applicable in light energy conversion and photoelectrochemical devices \[[@bib27]\]. Its other applications include: DSSC counter electrodes \[[@bib28]\], sodium-ion battery anode \[[@bib29]\], optical material for biological applications \[[@bib30]\] and as electrocatalysts \[[@bib31], [@bib32]\].

Previously, FeSe~2~ has been synthesized through diverse techniques *e.g.* solvothermal \[[@bib27], [@bib31], [@bib32]\], hydrothermal \[[@bib28], [@bib29]\], hot injection \[[@bib30], [@bib33]\], selenization \[[@bib34]\] and organometallic approach \[[@bib14]\]. These methods occurred at elevated temperatures and involved different sources to form the elements (Fe and Se) in iron diselenide. Hence, the methods can be referred to as multiple-source precursors. Some of the drawbacks of these methods include homogeneous pre-reactions, toxic hazards, together with the environmental and safety conditions for the industrial processes \[[@bib35]\].

To eliminate the drawbacks of multiple-source precursors, a better approach is to use a complex which contains the targeted elements to be synthesized (*i.e.* the Fe--Se bond). Single-source precursors are compounds in which all the elements to be deposited exist in the complex used for the deposition process. Hence, this results in simplified installations in terms of flow and temperature controls and reduces leak incidence. Also, environmental and safety conditions, being important industrial processes, are taken care of when compared with multiple-source routes. Generally, single-source precursors reduce toxic hazards, eliminate homogeneous pre-reactions, use lower deposition temperatures, afford the intrinsic control of film/nanoparticle stoichiometry, and are cheaper \[[@bib36], [@bib37], [@bib38]\].

A major key requirement for single-source precursors is perfection, which eliminates the possible sources of contaminants in the synthesized product, together with unwanted by-products. Other characteristic features of this precursor include: (i) Air and moisture stability. (ii) Less toxicity. (iii) Possibility of low-temperature growth. (iv) impurity incorporation control through ligand design. (v) differences between sources of elements are removed (vi) elimination of heat differences between different complexes used as starting materials (vii) intrinsic control of film stoichiometry. The synthesis of the material through single-source precursor should be possible on an industrial scale without problems such as cost and environmental impact \[[@bib39]\].

Pyrolysis (also known as thermolysis or melt reaction) is a solventless reaction which involves subjecting a complex to heat under nitrogen, thereby effecting its breakdown. The solventless methodology of this technique affords both possible cost and health benefits over other techniques that use flammable solvents and complexes. In comparison, pyrolysis is easier and more scalable \[[@bib40]\]. This technique makes it possible to understand the connection between precursor structure and nanomaterial shape, thereby controlling it \[[@bib41], [@bib42]\]. This solventless method reduces collision between particles, to provide growth through the addition of monomers \[[@bib41], [@bib42]\]. Through pyrolysis, diverse semiconductor materials with various morphologies have been synthesised. This might provide a great potential to investigate various precursor chemistry, and understand how the condition(s) of the synthesis and the geometry of complex(es) controls the morphology and contents of the products. Hence, this can be a commercially viable approach for the production of semiconductors \[[@bib38]\].

This work explains the preparation of iron (III) thioselenoimidodiphosphinate complex, and investigated its ability to generate FeSe~2~. This was obtained through a pyrolysis experiment at 500 °C using a glass rod, under reduced pressure for 1 h 30 min. The black product was investigated by XRD, SEM, EDAX and XPS studies. The magnetism exhibited by the deposited FeSe~2~ was determined by a SQUID magnetometer.

2. Experimental {#sec2}
===============

All reactions occurred under nitrogen by using a Schlenk line, connected to a vacuum pump, and a source of dry nitrogen. All chemicals (from Merck and Fischer) were used unaltered. All solvents were dried and obtained either through distillation or proper storage over molecular sieves. CHN analysis was done at the School of Chemistry, University of Manchester. TGA measurements occurred with Seiko SSC5200/S220TG/DTA at 10 °C/min under an inert atmosphere. Bruker Avance (III) 400 MHz FT-NMR spectrometer was used to determine nuclear magnetic resonance, using deuterated solvents. Proton NMR chemical shifts were reported in reference to tetramethylsilane, while phosphorus NMR chemical shifts were referenced to tetraoxophosphate(V) acid. Mass spectrometry was done with electrospray method at the Mass spectrometry unit, School of Chemistry, University of Manchester, UK.

2.1. Synthesis of \[Ph~2~P(S)HNP(Se)Ph~2~\] \[[@bib43]\] {#sec2.1}
--------------------------------------------------------

A solution of chlorodiphenylphosphine (23.88 g, 20 mL, 108.23 mmol) in toluene (25 mL) was added in drops to that of 1,1,1,3,3,3-hexamethydisilazane (8.73 g, 11.42 mL, 54.12 mmol) in toluene for half an hour. This was stirred and heated for 3 h at 90 °C, and the reaction attained an ambient temperature afterwards. Powdered selenium (4.27 g, 54.12 mmol) was added, and the mixture stirred overnight. This was followed by sulphur powder (1.73 g, 54.12 mmol) and also stirred for 7 h. The off-white crude product was recovered from dichloromethane and produced a whitish-yellow powder. Yield: 14.1 g (52%). Micro Analysis: Calcd for C~24~H~21~NP~2~SSe: C, 58.06; H, 4.27; N, 2.82. Found: C, 57.60; H, 4.28; N, 2.93. ^31^P-{^1^H} NMR: 52.76, 52.72 ppm; ^1^*J*~P-Se~ = 496 Hz. ES + ve MS: m/z 496 corresponds to \[Ph~2~P(S)HNP(Se)Ph~2~\].

2.2. Synthesis of \[Fe{(SePPh~2~NPPh~2~S)~2~N}~3~\] {#sec2.2}
---------------------------------------------------

Imidotetraphenylthioselenodiphosphinate ligand (5.00 g, 9.45 mmol) and *tert*-potassium butoxide (^*t*^BuOK 1.06 g, 9.45 mmol) was liquified in methanol (50 mL) for an in-situ deprotonation. Solution was stirred under nitrogen at an ambient temperature for 40 min, followed by the dropwise addition of anhydrous FeCl~3~ as a powder solution (0.51 g, 3.15 mmol). Reaction was stopped after 5 h, and the resulting deep-brown solution mixture was filtered and recrystallized in hot dichloromethane which yielded a brownish-green powder ([Scheme 1](#sch1){ref-type="fig"}). Yield: 1.13 g (22%). M. Pt: 217 °C. CHN analysis for C~72~H~60~N~3~P~6~S~3~Se~3~Fe Calculated: C, 56.1; H, 3.9; N, 2.7; P, 12.1; S, 6.2; Fe, 3.6. Found: C, 55.7; H, 4.1; N, 2.4; P, 11.5; S, 6.9; Fe, 3.2. ^1^H NMR (d~8~- Toluene): 7.2--6.8 (m, 48H, Ar*H*), 8.3--7.6 (m, 12H, Ar*H*); ^31^P {^1^H} NMR: 47.38, 30.41 ppm. ES + ve MS: *m*/*z* 1048 corresponds to \[Fe{(SePPh~2~NPPh~2~S)~2~N}~3~\].Scheme 1The reaction scheme for the synthesis of the complex.Scheme 1

2.3. Pyrolysis of complex {#sec2.3}
-------------------------

Thermolysis experiments occurred in a quartz glass rod in a Carbolite furnace. Under a reduced pressure, the complex was heated at 500 °C for 1 h 30 min. Afterwards, the reaction attained an ambient temperature in an inert atmosphere during 60 min. 0.50 g of the complex was pyrolysed for the experiment. The black residue obtained was grinded to powder, followed by different characterisation.

2.4. Characterisation of black deposits {#sec2.4}
---------------------------------------

XRD was done using a Bruker AXS D8 diffractometer having a monochromated radiation. Samples were scanned between 15 and 85° at 9 s count rate and 0.05 step size. Obtained diffractograms were compared with the ICDD index. Philips XL30 FEG was used for SEM studies, and prior to this, samples were carbon-coated to eliminate charging. EDAX was done with a DX4 instrument. Kratos Axis Ultra spectrometer measured the XPS with an analyser pass energy of 80 and 20 eV for wide and narrow scans respectively. Charges were neutralised consistently on the light-emitting surface with a system base pressure of 5 x 10^−10^ mBar. Spectra analyses occurred through subtraction and peak fitting by Gaussian line shape. Peaks were analysed quantitatively through Scofield elemental sensitivities. Binding energy values were recorded in reference to adventitious contamination peaks at 285 eV, while elemental references were used to adjust the analyser. The magnetic property of the sample was measured between 2 and 300 K, using a SQUID magnetometer. All samples were measured in eicosane to remove the positional effects of high magnetism. Sample holder and eicosane were measured for diamagnetism in advance. FC and ZFC magnetization curves were collected in an applied magnetism of 100 Oe. Isothermal magnetisation curves were recorded between -4 and 4 T magnetic fields at temperatures of 300 K and 5 K.

3. Results and discussion {#sec3}
=========================

The geometry of paramagnetic d^5^ iron(III) complex summarised in [Scheme 1](#sch1){ref-type="fig"} was possible using elemental analysis. The physical properties of the precursor studied by TGA revealed the breakdown pathway of the complex which occurred in one step, with a quick loss of weight from 303 to 438 °C at 72 %, with a residual mass of 28 % (Fig. S1, supplemental file (SF)).

After pyrolysing the compound at 500 °C, the resulting black powder was pulverized and analyzed by XRD. The pattern indicated by the XRD confirmed that the deposited material was orthorhombic ferroselite FeSe~2~ (ICDD no. 04-003-1738) mixed with monoclinic Fe~3~Se~4~ (ICDD no 03-065-2315) ([Figure 1](#fig1){ref-type="fig"}). Traces of Fe~3~Se~4~ were also evident at 2*θ* values of 29.09 and 31.77°. The obtained values for the lattice parameters: *a* = 4.8019 (9) Å, *b* = 5.786(3) Å and *c* = 3.5844 (4) Å are consistent with those in the literature \[[@bib44], [@bib45]\]. For the monoclinic Fe~3~Se~4~, the obtained lattice parameters were: *a* = 6.2024 (3) Å, *b* = 3.5320 (2) Å and *c* = 11.2800 (6) Å, which are all quite close to the reported values \[[@bib46]\]. However, when the deposition temperature was increased to 550 °C, a different pattern was obtained which could not be matched to any phase of iron selenide. Hence, this pattern did not correspond to any material ([Figure 2](#fig2){ref-type="fig"}). The reason(s) for this is/are unclear.Figure 1X-Ray diffractogram of orthorhombic FeSe~2~ prepared at 500 °C. Marked peaks correspond to Fe~3~Se~4~.Figure 1Figure 2The unmatched XRD pattern obtained from pyrolysis of the complex at 550 °C.Figure 2

Previously, orthorhombic ferroselite FeSe~2~ was deposited from a solution-based decomposition in oleylamine \[[@bib19]\], while Fe~3~Se~4~ was also produced from catalyst-aided CVD experiments \[[@bib16]\].

For the FeSe~2~ deposited from \[Fe{(SePPh~2~)~2~N}~2~\], no XRD measurement was reported for this material, due to the poor quality of the films \[[@bib12]\].

The morphology of the synthesised material at 500 °C revealed an irregular polygonal crystallites according to the SEM. However, although the obtained XRD pattern at 550 °C could not be matched to any phase of iron selenide, a similar morphology was also observed for the structure of the material at this temperature ([Figure 3](#fig3){ref-type="fig"} (a&b)).Figure 3Pictorial representation for orthorhombic FeSe~2~ prepared at: (a) 500 °C, (b) unmatched pattern at 550 °C as shown by the SEM.Figure 3

The EDAX analysis for the pyrolysed sample at 500 °C indicated that the ratio of iron to selenium was close to 1:2 with 10% sulphur. The sample obtained at 550 °C has a higher content of iron, and the iron to selenium ratio was also close to 1:2 with 12% sulphur content.

The XPS measurements of the deposited FeSe~2~ indicated the binding energy of Fe 2p~3/2~ peak at 713 eV, and Fe 2p~1/2~ peak occurred at 728 eV, which corresponds to iron oxide ([Figure 4](#fig4){ref-type="fig"}a). This indicated the easy oxidation of the prepared FeSe~2~ in air, which revealed its surface oxidation before XPS measurements. This showed that the surface of the deposited powders was contaminated with oxygen. Hence, iron at the surface and near surface region of the powder seemed to be attached to oxygen. The Se 2p~3/2~ peak at 159.5 eV is more consistent with a selenide oxide species ([Figure 4](#fig4){ref-type="fig"}b). The S and Se peaks were identified by the overlapping S and Se 2p features near 160 eV as the Se 2s was covered by the S 2s peak. It might be explained that prior oxidation had occurred during other characterisations. Previous reports on FeSe~2~ nanorods \[[@bib14]\] and thin film \[[@bib47]\] also observed similar surface oxidation of the material.Figure 4X-ray photoelectron spectroscopy of: (a) Fe 2p, (b) Se 2p peaks.Figure 4

The deposited powder from the pyrolysis of \[Fe{(SePPh~2~NPPh~2~S)~2~N}~3~\] complex revealed temperature-dependent hysteresis. This is expected because of the presence of crystallographic FeSe~2~ which exhibits hysteretic features. FeSe~2~ powder exhibited hysteretic features at 5, 30 and 300 K ([Figure 5](#fig5){ref-type="fig"}a), since the magnetization curve depends on the field. Anisotropic energy determines the magnetization of any magnetic material, and this energy restricts the magnetism alignment in a definite axis called the easy axis. For a nanoparticle, the highest value of anisotropic energy depends on the combined effects of its volume (V), and constant (K) \[[@bib48]\]. In a magnetic system, the blocking temperature, *T*~*B*~, is that above which the thermal energy is sufficient for the free alignment of magnetization in arbitrary directions \[[@bib49]\]. The magnetism graphs of FC and ZFC can be used to deduce the blocking temperature (*T*~*B*~). Graphically, this occurs when the slope of zero field cooled curve tends towards zero. At 300 K, the deposited FeSe~2~ is in its super paramagnetic state, with negligible remanence and coercivity ([Figure 5](#fig5){ref-type="fig"}b). At the lower temperatures, FeSe~2~ exhibited hysteretic behaviour, and the effect is more pronounced at 30 K (Figures [5](#fig5){ref-type="fig"}c and 5d). The coercive field and remanant magnetization values are listed on each graph.Figure 5(a) Magnetic hysteresis at 5, 30 and 300 K for iron selenide powder. (b) Hysteresis loop at 300 K for iron selenide powder. (c) Magnetic hysteresis at 30 K for iron selenide powder. (d) Hysteresis loop at 5 K for iron selenide powder. (e) Temperature dependence of the ZFC and FC magnetisation curve for FeSe~2~ in an applied magnetic field of 100 Oe.Figure 5

At Curie temperature above 300 K, FeSe~2~ exhibits permanent magnetic effect \[[@bib50], [@bib51]\]. There were no magnetic measurements reported for iron selenide synthesised from \[Fe{(SePPh~2~)~2~N}~2~\] \[[@bib12]\]. From the deposited iron selenide powder in this work, the field cooled and zero-field cooled magnetization curves were obtained. The divergence of the ZFC and FC with decreasing temperature indicated the existence of a sequential arrangement of magnetism (hence the ferromagnetism), probably due to the immense changes in the magnetic property ([Figure 4](#fig4){ref-type="fig"}e). A transition temperature around 280 K was observed for the iron selenide powder. As typical of ferromagnetic materials, the hysteresis loops obtained from the deposited iron selenide exhibited a linear decrease in the room temperature magnetization with an increase in the magnetic field. This might be because of the minimal inconsistencies in the temperature of the magnetism.

4. Conclusions {#sec4}
==============

Thioselenoimidodiphosphinate complex of iron, \[Fe{(SePPh~2~NPPh~2~S)~2~N}~3~\] was synthesised through a metathetical reaction and its ability to generate iron selenide was studied. Pictorial images for the morphology of the FeSe~2~ powder revealed polygons of orthorhombic ferroselite FeSe~2~ according to the SEM. Magnetic studies on FeSe~2~ revealed its ferromagnetism, having changes in its properties at a temperature around 280 K. Using complexes that contain the targeted elements to be synthesised, pyrolysis affords the opportunity to control reaction conditions, which determines the size, shape and chemistry of the targeted materials. The precursors in pyrolysis are easier to handle, and the process of heating them in a furnace should be cheaper and easier to scale up. Although the major barrier of pyrolysis seems that it is largely unexplored, however, this might be a potentially economically viable route to produce orthorhombic FeSe~2~ with desired/targeted properties. Future work on this complex will focus on the synthesis of the more volatile isopropyl analogue, together with AACVD studies of its capability to deposit mixed phases of iron chalcogenide.
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